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Abstract 


Closed-cell  aluminum  foam  offers  a  unique  combination  of  properties  such  as  low 
density,  high  stiffness,  strength,  and  energy  absorption  that  can  be  tailored  through 
design  of  the  microstructure.  During  ballistic  impact,  the  foam  exhibits  significant 
nonlinear  deformation  and  stress-wave  attenuation.  Composite  structural  armor  panels 
containing  closed-cell  aluminum  foam  are  impacted  with  20-mm  fragment-simulating 
projectiles  (FSP).  One-dimensional  plane  strain  finite  element  analysis  (FEA)  of  stress- 
wave  propagation  is  performed  to  understand  the  dynamic  response  and  deformation 
mechanisms.  The  FEA  results  correlate  well  with  the  experimental  observation  that 
ahiminum  foam  can  delay  and  attenuate  stress  waves.  It  is  identified  that  the 
aluminum  foam  transmits  an  insignificant  amount  of  stress  pulse  before  complete 
densification.  The  ballistic  performance  of  aluminum  foam-based  composite  integral 
armor  is  compared  with  the  base-line  integral  armor  of  equivalent  areal  density  by 
impacting  panels  with  20-mm  FSP.  A  comparative  damage  study  reveals  that  the 
aluminum-foam  armor  has  better  and  finer  ceramic  fracture  and  less  volumetric 
delamination  of  the  composite  backing  plate  as  compared  to  the  base  line.  The 
aluminum-foam  armors  also  showed  less  dynamic  deflection  of  the  backing  plate  than 
the  base  line.  These  attributes  of  the  aluminum  foam  in  integral  armor  system  add  a 
new  dimension  in  the  design  of  lightweight  armor  for  the  future  armored  vehicles. 
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1.  Introduction 


The  U.S.  Army  has  established  and  documented  requirements  for  lightweight 
structural  armors  that  exhibit  significant  advancements  in  the  integration  of 
ballistic  and  structural  performance  [1].  Figure  1  depicts  the  historical 
development  of  armors  for  0.50  cal.  heavy  machine  gun  threat  demonstrating 
continuous  improvements;  yet,  significant  challenges  exist  in  further  reducing 
the  areal  density  by  half.  Such  a  reduction  in  armor  weight  requires  the 
integration  of  new  materials,  improved  understanding  of  stress-wave 
propagation  at  dissimilar  material  interfaces,  optimization  of  multiple  competing 
performance  metrics,  and  innovative  armor  concepts. 


One  successful  composite  integral  armor  (CIA)  developed  by  United  Defense 
Limited  Partnership  (UDLP)  for  the  U.S.  Army  is  a  hybrid  material  system 
consisting  of  a  ceramic  strike  face,  a  thin  rubber  layer,  and  an  S-2  glass-based 
composite  backing  plate  (Figure  2)  [2].  This  armor  is  required  to  provide  ballistic 
protection  and  structural  integrity  at  minimal  areal  density.  Most  CIA 
configurations  utilize  a  rubber  layer  between  the  ceramic-tile  layer  and  the 
composite-backing  plate  to  increase  the  armor's  multihit  capability  and 
structural  damage  tolerance  [3, 4].  Experimental  evidence  shows  that  an  increase 
in  rubber  layer  thickness  decreases  the  dynamic  deflection  of  the  composite 
backing  plate  [5],  One-dimensional  numerical  stress-wave  experiments  revealed 


1 


Composite  Cover  Layer  for 
Durability,  Heat  and  Detection 
Avoidance 

Ground  Plane  for  Signature 

Alumina  Ceramic  Layer  for 
Ballistic  Requirements 

Rubber  Layer  for  Ballistic 
Multihit  Requirements 

Composite  Inner  Shell  Layer  for 
Structural  Requirements  (S-2 
Glass/Vinyl  Ester) 

EMI  Layer  for  Electrical 
Requirements 

Special  Phenolic  Composite 
Layer  for  Flammability 


Figure  2.  Components  of  integral  armor  structure. 


that  rubber  delays  the  stress  wave  transfer  and  reduces  the  amplitude  of 
transmitted  stress  wave  to  the  backing  plate  [5].  The  experimental  and 
numerical  results  point  to  the  importance  of  managing  stress-wave  propagation 
in  CIA  during  ballistic  impact.  However,  rubber  is  a  compliant  material  and 
reduces  the  structural  stiffness  of  the  armor.  Hence,  an  optimal  rubber-layer 
thickness  that  balances  the  ballistic  and  structural  performance  at  minimal 
weight  should  be  determined  to  meet  the  specific  mission  requirements  for  a 
vehicle.  Closed-cell  aluminum  foam  is  an  alternative  material  to  die  rubber  layer 
that  has  the  potential  to  improve  structural  stiffness  and  ballistic  properties.  In 
the  present  study,  we  describe  the  stress-wave  experiment  through  closed-cell 
aluminum  foam,  numerical  stress-wave  propagation  models,  design  concepts, 
manufacturing  and  ballistic  testing  of  a  new  generation  of  CIA. 


2.  Closed-Cell  Aluminum  Foam  and  Stress  Wave 
Experiment 


A  variety  of  foaming  processes  and  properties  of  closed-cell  aluminum  foam  has 
been  reported  in  the  literature  [6-10].  However,  the  foaming  process  via  a 
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powder  metallurgy  route  produces  a  solid  skin,  which  may  be  of  interest 
especially  for  the  surface  bonding  of  another  material,  has  high  specific  strength, 
and  unique  nonlinear  compressive  behavior  [11].  Figure  3  shows  the  quasi-static 
engineering  stress-strain  behavior  of  such  closed-cell  aluminum  foam  of  different 
densities  (gm/cm3).  The  flow  stress  of  the  foam  is  a  strong  function  of  foam 
density  and  the  stress-strain  curves  can  be  divided  into  three  regions— linear 
elastic  region,  collapse  region,  and  densification  region.  In  region  1,  the  only 
deformation  that  occurs  is  elastic  and  is  due  to  cell-wall  bending.  This  is 
followed  by  region  2  in  which  plastic  collapse  of  the  first  cell  wall  occurs  and  the 
stress  drops.  In  region  3,  the  foam  progressively  collapses  and  densities.  It  was 
observed  that  deformation  in  region  3  was  highly  localized  and  proceeded  by  the 
advance  of  a  densification  front  from  deformed  to  undeformed  regions  of  the 
sample.  It  has  also  been  found  that  such  a  type  of  aluminum  foams  is  essentially 
strain  rate  independent  [11-12].  Hence  the  quasi-static  properties  of  aluminum 
foam  presented  in  Figure  3  are  used  in  our  numerical  simulations. 


Figure  3.  Quasi-static  stress-strain  behavior  of  closed-cell  aluminum  foam.  Numbers  on 
the  figure  represent  foam  density  in  gm/  cm3. 


Ballistic  targets  with  and  without  aluminum  foam  were  designed  and  tested  to 
compare  the  shock-wave  propagation  through  the  aluminum  foam  (Figures  4[a] 
and  4[b]).  The  target  without  aluminum  foam  had  an  areal-density  of  161.03 
kg/m2  (32.98  psf)  and  the  target  with  aluminum  foam  had  an  areal-density  of 
157.75  kg/m2  (32.31  psf).  High  hardness  steel  (HHS),  aluminum  foam,  alumina 
ceramic  (AI2O3),  and  7,039  aluminum  plates  are  bonded  together  with  a  thin 
layer  of  fast-setting  epoxy  adhesive.  Piezoresistant  stress  gages  (Dynasen  Model 
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Mn/Cn  4-50-EK)  are  sandwiched  between  two  ceramic  layers  to  monitor  the 
dynamic  stress  through  the  ceramic  layer.  These  gages  consist  of  two  separate 
interlaced  50-fi  foil  grids  enclosed  in  a  polyamide  plastic  film.  One  of  the  grids 
is  made  of  manganin  and  is  used  to  measure  stress.  The  other  is  made  of 
constantan  and  is  used  to  measure  lateral  strain.  Both  grids  are  6.35-mm  square 
and  0.127  mm  thick.  The  measured  strain  is  used  to  correct  the  stress 
measurements.  The  gages  are  connected  to  a  Dynasen  CK-15-300  power  supply 
and  bridge  circuit,  which  is  triggered  upon  projectile  impact  by  a  "make"  screen 
with  a  simple  capacitor  discharge  circuit.  The  signals  from  the  gages  are 
recorded  on  a  digital  oscilloscope.  Calibration  and  data  reduction  of  the  stress 
gage  signals  are  performed  using  software  described  by  Franz  and  Lawrence 
[13].  Both  the  targets  are  impacted  with  20-mm  FSPs  at  a  nominal  impact 
velocity  of  1,067  m/  s.  The  stress  gage  measurements  are  presented  in 
Figure  4(c).  The  rise  time  of  the  signal  without  foam  is  about  1.0  (is  and  with 
foam  is  about  2.0  (is.  The  maximum  stress  level  attained  in  both  the  experiments 
is  about  6.25  GPa.  The  incorporation  of  12.7-mm  aluminum  foam  delayed  the 
stress  signal  about  14.6  ps  to  reach  the  gage  location.  We  have  developed  a  one¬ 
dimensional  plane-strain  finite  element  model  of  these  experiments  (detail  of  the 
model  described  in  the  following  section)  and  have  obtained  about  an  18.5-ps 
delay  in  the  stress-wave  arrival  with  an  impact  velocity  of  500  m/s  (Figure  4c). 
The  finite  element  prediction  also  shows  a  two-step  rise  in  stress  in  the  case  of 
target  with  aluminum  foam.  The  stress  waves  generated  in  the  experiments  are  a 
combination  of  spherical  dilatation,  spherical  shear,  and  planar  shear  wave 
fronts.  However,  the  plane-strain  model  only  produces  planar  dilatation  and  is 
not  an  exact  model  of  the  experiment.  The  finite  element  model  predictions 
capture  both  the  widening  in  rise  time  and  delay  in  stress-wave  arrival.  The 
experimental  and  finite  element  results  identified  two  important  characteristics 
of  aluminum  foam  under  stress-wave  propagation:  (1)  aluminum  foam  increases 
the  rise  time  of  the  propagating  stress-wave,  and  (2)  incorporation  of  aluminum- 
foam  introduces  a  significant  delay  in  stress-wave  propagation.  In  order  to 
determine  the  effect  of  aluminum-foam  thickness,  a  second  set  of  experiments  is 
conducted. 

The  second  set  of  stress-wave  experiments  deals  with  two  ballistic  targets  with 
different  aluminum  foam  thickness  (12.7  mm  and  30.48  mm)  and  is  shown  in 
Figure  5(a).  An  additional  ceramic  matrix  composite  layer  (AS109,  particulate 
SiC  in  AI2O3  matrix  with  a  small  amount  of  aluminum,  made  by  Lanxide  Armor 
Products)  is  bonded  with  the  target  described  in  Figure  4(b).  The  nominal 
impact  velocity  of  a  20-mm  FSP  was  915  m/  s.  The  projectile  impact  on  the  first 
target  (Test  #  1,  with  12.7-mm  aluminum  foam)  shattered  the  AS109  ceramic 
(Figure  5[b]),  deformed  the  HHS  plate,  and  densified  the  aluminum  foam 
(Figure  5[c]).  The  stress  gage  recorded  a  stress  pulse  with  the  maximum  stress 
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Figure  4.  Stress  wave  experiment  with  and  without  aluminum  foam  (a)  target  without 
aluminum  foam  (b)  target  with  aluminum  foam  (c)  response  of  the  stress 
gages  and  plane  strain  predictions. 

amplitude  of  about  0.825  GPa.  Impact  on  the  second  target  (Test  #  2,  with 
39.48-mm  aluminum  foam)  showed  similar  fracture  of  AS109  ceramic  and  similar 
deformation  of  the  HHS  plate.  However,  the  aluminum  foam  is  partially 
densified  (cross-section.  Figure  5[d]),  and  the  stress  gage  did  not  record  any 
signal.  The  major  conclusion  from  these  two  experiments  is  that  if  the  foam  is 
not  completely  densified  across  the  entire  layer  thickness,  it  does  not  allow  any 
measurable  stress  waves  to  pass  through.  The  air/ gas-filled  cellular  structure  of 
the  aluminum  foam  makes  the  stress-wave  propagation  difficult.  The  cell  wall 
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Figure  5.  Stress  wave  experiment  with  different  foam  thickness  (a)  target  with 
aluminum  foam  (b)  fracture  of  AS109  ceramic  strike  face  (c)  deformation  of 
aluminum  foam  after  Test  #1  (d)  cross-section  of  the  deformation  of 

aluminum  foam  after  Test  #2. 

acts  as  tiny  wave-guide  and  dispersion  of  stress  waves  takes  place.  The 
deformation  of  closed-cell  foam  occurs  by  cell-wall  buckling  and  plastic  collapse, 
which  leads  to  localized  densification.  The  deformation  and  densification 
originates  from  the  point  of  applied  load  and  propagates  in  the  direction 
perpendicular  and  transverse  to  the  applied  load.  Effective  stress-wave 
propagation  can  thus  only  occur  when  the  closed-cell  foam  is  completely 
densified.  If  the  stress  wave  cannot  reach  the  backing  plate  until  the  foam  is 
completely  densified,  then  the  closed-cell  foam  has  potential  to  improve  the 
ballistic  efficiency  of  the  armor.  A  detailed  finite  element  analysis  of  one¬ 
dimensional  plane-strain  stress-wave  propagation  in  multilayer  foam  integral 
armor  is  presented  next. 
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3.  Stress  Wave  Propagation  in  Aluminum  Foam  Integral 
Armor 


One-dimensional  plane-strain  stress-wave  propagation  in  CIA  and  the  effect  of 
nonlinear  EPDM  rubber-layer  thickness  has  been  discussed  by  Gama  et  al.  [5, 14]. 
One-dimensional  plate  impact  produces  planar  dilatational  stress-wave 
propagation  in  both  the  projectile  and  target.  On  the  other  hand,  the  impact  of  a 
three-dimensional  (3-D)  projectile  (e.g.,  FSP)  on  a  multilayer-thick  armor  plate 
produces  3-D  spherical  dilatational,  spherical  shear,  and  planar  shear  wave 
fronts.  Since  the  dilatational  wave  speed  is  higher  than  the  shear  wave  speed, 
the  through-thickness  stress-wave  propagation  in  the  impact  centerline  can  be 
assumed  planar,  and  our  analyses  are  valid  only  in  this  region.  The  through¬ 
thickness  and  impact  direction  is  assumed  aligned  with  the  coordinate  axis  z  (3), 
and  the  in-plane  axes  are  denoted  by  x  and  y  (1  and  2).  The  rubber  layer  of  the 
integral  armor  is  replaced  with  an  aluminum-foam  layer  (Figure  6).  The 
individual  layers  are  assumed  perfectly  bonded  to  each  other.  The  thickness  of 
the  steel  impact  plate  (5  mm),  cover  layer  (2.54  mm),  ceramic  layer  (17.78  mm), 
and  the  backing  plate  (14.15  mm)  is  kept  constant  throughout  the  analyses.  The 
aluminum-foam  layer  thickness  is  varied  between  12.7  mm  and  25.4  mm.  This 
combination  of  layer  thicknesses  represents  an  integral  armor  of  areal  density  of 
about  97.65  kg/m2  (20  psf).  Linear  elastic  material  properties  are  used  to  model 
the  impact  plate,  cover  layer,  ceramic  layer,  and  the  backing  plate  (Table  1).  The 
aluminum-foam  is  modeled  with  the  MAT_HONEYCOMB  material  model 
within  the  explicit  finite  element  code  LS-DYNA  940,  and  the  properties  are 
extracted  for  foam  density  0.57  gm/  cc  from  Figure  3.  The  impact  velocity  of  the 
steel  plate  is  varied  between  250  m/  s  to  750  m/  s.  The  stress-wave  propagation 
in  the  aluminum-foam  armor  is  compared  to  armor  without  foam. 

Figure  6  shows  the  deformation  of  aluminum-foam  layer  at  different  time 
intervals  when  impacted  at  500  m/ s.  The  plastic  collapse  and  densification  of 
foam  starts  at  the  impact  side  while  the  rest  of  the  material  remains  elastic.  It 
takes  about  30  ps  for  the  complete  densification  of  12.7-mm  aluminum  foam. 
The  stress-wave  propagation  in  the  individual  layers  is  a  function  of  material 
properties  and  layer  thickness.  The  dynamic  response  at  midthickness  of  the 
individual  layers  is  presented  in  Figure  7  as  a  function  of  time  (aluminum-foam 
thickness  =  12.7  mm,  impact  velocity  =  500  m/s).  Through-thickness  normal 
stress  is  made  nondimensional  by  the  maximum  compressive  stress  developed  in 
the  cover  layer.  The  first  compressive  pulse  in  the  cover  layer  is  the  input  to  the 
system.  The  stress  in  the  cover  layer  becomes  tensile  as  soon  as  the  projectile 
bounces  back  from  the  target  and  the  rest  of  the  response  is  the  reverberation  of 
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Figure  6.  Plane  strain  finite  element  model  of  aluminum-foam  integral  armor  and  the 
dynamic  deformation  of  the  aluminum-foam  layer. 


Table  1.  Material  properties  used  in  the  one-dimensional  finite  element  model. 


Material 

Young's  modulus, 
E,  GPa 

Poisson's  ratio, 

v 

Density, 
p,  kg/m3 

Projectile 

206.80 

0.30 

7850  j 

Cover 

8.50 

0.28 

1783  ! 

Ceramic 

310.30 

0.25 

3500 

Backing  Plate 

8.50 

0.28 

1783 

E,GPa 

p,  kg/m3 

Poisson's 
ratio  of 
densified 
foam, 

V  densified 

Yield 
stress, 
oy,  MPa 

Volume 
fraction  of 
densified 
foam 

Vf )  densified 

Modulus 

of 

densified 

foam 

Edensified,  GPa 

Aluminum 

Foam 

0.177 

470 

0.285 

241.40 

0.29 

68.97 
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Figure  7.  Dynamic  response  of  individual  layers,  aluminum-foam  thickness  =  12.7-mm, 
impact  velocity  =  500  m/s. 


the  input  pulse  and  the  interaction  with  the  adjacent  ceramic  layer.  The  input 
pulse  in  the  cover  layer  is  transmitted  to  the  ceramic  layer  through  the 
cover/ ceramic  interface.  The  transmission  and  reflection  coefficients  can  be 
estimated  using  one-dimensional  wave  propagation  theory  [15].  The  response  of 
the  aluminum  foam  layer  and  the  backing  plate  is  presented  with  a  coordinate 
shift  in  stress.  The  transmission  and  reflection  coefficients  in  the  ceramic-foam 
interface  are  0.0173  and  -0.9827  respectively,  which  means  that  most  of  the 
compressive  stress  pulse  will  be  reflected  as  tensile  stress  in  the  ceramic-foam 
interface  before  the  collapse  of  aluminum  foam.  After  the  collapse  and 
densification  of  aluminum  foam  layer  (time  >  26  ps),  significant  stress  rise  and 
propagation  is  observed  in  both  the  aluminum  foam  and  backing  plate.  The 
maximum  amplitude  of  the  stress  pulse  transferred  into  the  backing  plate  is 
about  25%  of  the  input  in  the  cover  layer. 

The  response  of  aluminum  foam  (impact  velocity  =  500  m/  s)  as  a  function  of 
layer  thickness,  Z,  is  shown  in  Figure  8.  The  computation  for  foam  thickness 
12.7  mm  and  19.1  mm  was  terminated  at  50  ps  and  for  25.4  mm  at  65  ps.  The 
peak  stresses  are  almost  25%  of  the  input  to  the  cover  layer  for  all  foam 
thicknesses.  The  stresses,  however,  become  increasingly  oscillatory  with 
increased  foam  thickness.  The  arrival  time  of  the  stress  pulse  in  the  foam  layer 
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Figure  8.  Dynamic  response  of  aluminum-foam  layer  as  a  function  of  foam  thickness, 
impact  velocity  =  500  m/s. 

increases  as  a  direct  consequence  of  increased  foam  thickness  and  is  related  with 
the  stress  arrival  at  the  backing  plate  (Figure  9).  The  solid  line  represents  the 
response  of  backing  plate  without  any  foam  (Figure  9a).  The  stress  amplitude  is 
found  to  decrease  with  the  increase  in  foam  thickness.  The  difference  in  the  time 
of  stress  arrival  to  the  backing  plate  with  and  without  foam  is  termed  as  tire  time 
delay  and  increases  with  foam  thickness.  The  peaks  P,  Q,  and  R  in  Figure  9a 
represent  stress  transfer  to  the  backing  plate  after  complete  densification  of  the 
foam;  however,  a  close-up  shows  earlier  stress  pulses  (p,  q,  and  r;  Figure  9b) 
before  the  densification  of  foam  and  is  termed  as  elastic  stress  transfer.  The 
elastic  stress  transfer  is  less  than  1%  of  input  to  the  cover  for  all  impact  velocities 
studied  (Figure  10).  On  the  other  hand,  the  stress  transfer  (for  impact  velocities 
500  and  750  m/  s)  after  complete  foam  densification  linearly  decreases  at  a  rate  of 
1.1%/  mm  of  foam  thickness.  The  time  delay  of  stress  arrival  in  the  backing  plate 
is  presented  in  Figure  11  and  is  found  to  be  increasing  with  foam  thickness.  The 
time  delay  of  elastic  pulse  for  all  impact  velocities  is  about  0.75  ps/  mm;  however, 
the  rate  of  time  delay  after  foam  densification  decreases  as  impact  velocity 
increases.  These  rates  of  delay  are  2.16  and  1.42  ps/ mm  for  impact  velocities  500 
and  750  m/s.  At  impact  velocities  higher  than  750  m/s,  the  rate  of  delay 
approaches  the  rate  of  delay  of  the  elastic  pulse  (0.75  ps/mm). 
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Figure  9. 


Dynamic  response  of  the  backing  plate  as  a  function  of  foam-layer  thickness, 
impact  velocity  =  500  m/s,  (a)  effect  of  foam  thickness  (b)  close-up  of  the 
response  shows  elastic  response. 


Al-Foam  Thickness,  mm. 


Figure  10.  Transmission  of  stress  pulse  in  the  backing  plate  as  a  function  of  foam 
thickness. 


Figure  11.  Time  delay  in  the  stress-wave  arrival  at  the  backing  plate  as  a  function  of 
foam  thickness. 


As  stated  earlier,  the  one-dimensional  stress  analysis  is  valid  at  the  impact 
centerline  without  penetration  in  the  armor.  In  the  real  impact  event,  the 
penetration  event  follows  the  stress-wave  propagation  and  the  wave  front  is 
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nonplanar.  In  order  to  investigate  the  penetration  event,  a  quarter-symmetric 
three-dimensional  model  of  aluminum  foam  integral  armor  impacted  by 
a  20-mm  FSP  is  developed.  The  foam  layer  thickness  is  taken  as  19.1  mm. 
To  mimic  the  stress- wave  experiment  done  by  Yu  et  al.  [11],  a  thin  layer 
of  elastic-plastic  material  was  incorporated  in  the  model  between  the 
ceramic  and  aluminum  foam  layer.  The  initial  impact  velocity  of  the 
projectile  is  set  to  900  m/s.  The  projectile  and  ceramic  is  modeled  with 
MAT_PLASTIC_KINEMATIC  and  the  backing  plate  is  modeled  with 
MAT_COMPOSITE_FAILURE_SOLID  material  models  (Table  2).  Figure  12 
shows  the  sequence  of  projectile  penetration  and  dynamic  deformation  of  the 
aluminum  foam.  The  solution  is  terminated  after  63  ps  because  the  foam  cells  are 
compressed  down  to  infinitesimal  thickness,  and  the  time  step  required  for  such 
solution  is  so  small  that  it  takes  infinite  time  to  solve  the  problem.  The  cross- 
sectional  view  of  the  deformed  aluminum  foam  [11]  (Figures  5[d]  and  13)  shows 
that  the  deformation  pattern  obtained  from  the  numerical  simulation  matches 
well  with  the  experimental  observation.  The  deformation  pattern  of  the 
aluminum-foam  also  suggests  that  if  an  aluminum-foam  plate  is  placed  after  the 
backing  plate,  it  could  contain  the  dynamic  deflection  of  the  armor. 


Table  2.  Material  properties  used  in  the  three-dimensional  finite  element  model. 
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12.  FE  solution  of  dynamic  deformation  of  aluminum-foam  integral  armor. 
Numbers  indicate  time  in  microseconds. 


Figure  13.  Impact  damage  modes  of  the  aluminum-foam  integral  armor. 


4.  Design  of  Aluminum  Foam  Integral  Armor 


Based  on  the  stress-wave  experiment  of  Yu  et  al.  [11]  and  the  numerical 
simulation  presented  in  section  3,  a  test  matrix  has  been  developed  (Figure  14)  to 
assess  the  potential  benefits  of  using  metal  foams  in  an  integral  armor  and  to 
design  the  next  generation  integral  armor  to  satisfy  the  Army  requirements  [1]. 
Three  different  designs  of  integral  armor  with  metal  foam  have  been  proposed. 
These  designs  represent  unique  functionality  of  the  aluminum  foams  in  the 
integral  armor.  The  rubber  layer  of  the  baseline  CIA  (Figure  14a,  Baseline)  has 
been  simply  replaced  by  the  aluminum  foam  (Figure  14b,  Design  1)  to  eliminate 
any  relative  rotational  degrees  of  freedom  between  ceramic  and  backing  plate,  to 
improve  structural  stiffness  of  the  armor,  and  to  attenuate  the  stress-wave 
propagation.  The  next  design  (Figure  14c,  Design  2)  includes  an  additional 
aluminum  foam  backing  plate  to  minimize  dynamic  deflection.  The  last  design 
(Figure  14d,  Design  3)  uses  a  rubber  layer  and  a  thin  composite  inner  layer  to 
distribute  the  load  over  a  greater  region  on  the  metal  foam.  The  material  system 
and  individual  layer  thickness  is  marked  on  Figure  14.  All  designs  have  the 
same  areal  density  of  97.65  kg/m2  (20  lb/ft2)  as  the  base-line  CAV  integral  armor. 
The  thickness  of  the  cover  layer  and  the  ceramic  layer  is  kept  constant  for  all 
design  cases.  The  foam  thickness  is  also  kept  constant  at  19.00  mm  to  minimize 
the  production  cost  of  foam  panels.  If  rubber  is  used  in  the  foam  armor  panels, 
the  thickness  is  chosen  to  be  the  same  as  the  base  line.  The  only  parameter 
varied  to  keep  the  areal  density  constant  is  the  backing  plate  thickness. 
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Figure  14.  Innovative  design  of  aluminum-foam  integral  armor. 
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5.  Multistep  Processing  of  Armor  Panels 


A  total  of  four  base-line  armor  panels  and  one  of  each  aluminum  foam  CIA 
configuration  is  manufactured  using  a  multistep  manufacturing  technique.  This 
method  is  presented  in  Figure  15.  The  composite  backing  plates  of  different 
thicknesses  are  processed  using  vacuum-assisted  resin-transfer  molding 
(VARTM).  Details  of  the  VARTM  process  can  be  found  [16].  Plain  weave  S-2 
glass  fabric  (24  oz/ yd2)  with  365-mm  sizing  is  used  to  make  the  preforms.  The 
preforms  are  infused  with  vinyl  ester  411-C50  resin,  cured  at  room  temperature 
and  postcured  at  121  °C  (250  °F)  for  3  hr.  The  S-2  glass/ vinyl  ester  panels  are 
then  machined  to  305-  x  305-mm  size.  EPDM  rubber  sheets  of  the  same  size  are 
washed  with  soap  and  water  and  dried,  and  a  thin  coating  of  LORD  7701  primer 
is  applied  to  both  sides.  Closed-cell  aluminum-foam  panels  of  nominal  density 
500  kg/m3  and  of  dimension  101.6  x  101.6  x  19.0  mm  were  fabricated.  The  foam 
panels  are  cleaned  with  distilled  water  and  dried  at  room  temperature.  A 
solution  containing  10%  glycidoxy  (epoxy)  functional  methoxy  silane  (Dow 
Coming®  Z-6040)  is  prepared  with  deionized  water.  Acetic  acid  is  added  to  the 
solution  to  maintain  pH  in  the  3.5-4.0  range.  The  aluminum  foam  panels  are 
then  soaked  into  the  silane  solution  and  oven  dried  for  an  hour  at  90  °C. 
Hexagonal  ceramic  tiles  (AD-90)  are  cleaned  with  compressed  air. 
Nonhexagonal  ceramic  pieces  required  making  a  305-  x  305-mm-square  array  of 
tiles  cut  from  the  hexagonal  tiles  using  a  slot  grinder.  Fishing  lines  are  cut  into 
small  pieces  and  bonded  with  spray  adhesive  on  the  sides  of  the  ceramic  tile  to 
ensure  a  gap  between  adjacent  tiles.  The  next  step  is  to  bond  the  individual 
layers  with  SC-11  epoxy  resin.  A  wooden  frame  is  made  to  hold  all  the  layers 
together.  A  peel  ply  is  used  to  avoid  contact  between  the  wooden  mold  and  the 
part.  The  backing  plate  is  first  placed  on  the  wooden  frame.  A  thin  layer  of 
epoxy  resin  is  then  evenly  distributed  on  top.  To  control  the  bond-line  thickness, 
a  glass  scrim  cloth  (0.125  mm  thick)  is  placed  on  the  backing  plate.  More  resin  is 
added  on  top  of  the  scrim  cloth.  The  rubber  (or  aluminum  foam)  layer  is  laid 
next.  On  top  of  the  rubber  layer,  resin  and  scrim  cloth  are  placed  to  bond  the 
next  layer  (ceramic  layer  or  any  successive  layer).  Once  the  hand  lay-up  of  all 
layers  is  completed,  the  assembly  is  placed  in  a  vacuum  bag  with  sufficient 
breather  material  to  absorb  the  excess  epoxy  resin.  The  vacuum  bag  is  then 
placed  inside  an  oven  and  the  part  is  cured  at  121  °C  (250  °F)  for  2  hr  and  at 
149  °C  (300  °F)  for  another  2  hr  under  vacuum.  Once  the  cure  is  complete,  the 
part  is  slowly  cooled  in  the  oven  under  vacuum.  This  armor  plate  is  then 
covered  with  two  layers  of  S-2  glass  fabric  and  VARTM  processed  with  vinyl 
ester  411-C50  resin  at  room  temperature  to  obtain  the  cover  layer.  The  complete 

integral  armor  is  then  postcured  at  121  °C  (250  °F)  for  3  hr. 
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Figure  15.  Multistep  processing  of  integral  armor. 


6.  Ballistic  Testing  of  Armor  Panels 


Integral  armor  panels  are  impacted  with  20-mm  FSP  projectiles.  Previous 
research  suggested  that  a  20-mm  FSP  with  impact  velocity  of  838  m/ s  (2,750  ft/ s) 
defeats  a  97.6  kg/m2  (20  lb/ft2)  CIA  without  penetrating  the  backing  plate  [3,  4], 
Accordingly,  all  the  impact  tests  were  conducted  at  a  nominal  impact  velocity  of 
838  m/s. 


7.  Ballistic  Test  Results  and  Discussion 


Dynamic  deflection  of  the  back  face  of  the  armor  under  incomplete /partial 
penetration  is  a  critical  performance  metric  [1].  The  integral  armor  panels  were 
mounted  on  a  thick  backing  of  plasticine  clay  before  projectile  impact.  The 
dynamic  deformation  of  the  back  face  of  the  armor  is  engraved  in  the  plasticine 
clay  after  the  impact  event.  This  dynamic  deflection  is  then  measured  as  a 
function  of  radial  location  and  is  presented  in  Figure  16  for  all  the  tests  done. 
Dynamic  deflection  of  the  baseline  CIA  is  presented  with  the  error  bars  from  four 
test  specimens.  The  curve  has  a  bell  shape  with  a  peak  at  about  32  mm  (1.25  in) 
and  a  span  diameter  of  about  200  mm  (8.0  in).  Design  1  has  a  dynamic  deflection 
contour,  which  shows  less  deflection  over  the  whole  span  as  compared  to  the 
base  line.  Design  2  has  the  least  dynamic  deflection  among  all  the  armor  panels 
tested.  Design  3  has  higher  deflection  in  the  central  region  but  less  over  the  rest 
of  the  span  as  compared  to  the  base  line.  These  observations  are  correlated  with 
the  deformation  and  damage  profile  presented  in  Figure  16. 
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Figure  16.  Dynamic  deflection  of  aluminum-foam  integral  armor. 

The  armor  panels  after  the  ballistic  impact  is  carefully  removed  from  the  test 
fixture  such  that  all  the  fractured  ceramic  is  contained  in  the  impact  cavity  other 
than  material  ejected  during  the  impact.  The  impact  cavity  is  then  filled  with 
vinyl  ester  resin  to  hold  the  broken  ceramic  pieces  in  place.  The  armor  panels  are 
then  sectioned,  polished,  and  pictures  are  taken  with  a  digital  camera.  These 
pictures  are  shown  in  Figure  16  according  to  the  sequence  described  in  the  test 
matrix  and  provide  us  the  information  on  deformation,  damage,  and  relative 
comparisons  between  them.  The  base-line  armor  shows  severe  ceramic  fracture, 
cover  push-out,  penetration  through  rubber,  and  the  largest  volumetric 
delamination  of  the  backing  plate.  The  load  distribution  by  the  fractured  ceramic 
particles  on  the  backing  plate  during  impact  is  equivalent  to  one  hexagonal  tile 
area.  A  spring-back  effect  is  observed  in  all  armor  panels  such  that  the 
permanent  (static)  deformation  of  the  back  face  is  less  than  10%  of  the  maximum 
dynamic  deflection. 

The  overall  performance  of  Design  1  is  better  than  the  base  line.  The  volumetric 
ceramic  fracture  is  less  than  that  of  the  base  line.  Most  of  the  ceramic  particles 
are  small  and  medium  in  size,  and  almost  no  pieces  are  larger  than  the  particles 
observed  in  the  base  line.  This  pattern  of  ceramic  fracture  appears  to  be  superior 
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and  is  believed  to  absorb  more  kinetic  energy  of  the  projectile.  Deformation  of 
aluminum  foam  is  of  inverted  bell  shape  and  is  localized.  The  densification  of 
aluminum  foam  is  localized  under  the  projectile  head  and  in  a  small  surrounding 
area.  Since  there  is  no  stress-wave  transfer  to  the  backing  plate  before  the 
complete  densification,  the  aluminum  foam  is  acting  as  a  stress  wave  filter.  The 
deformation  pattern  of  aluminum  foam  suggests  that  the  load  distribution  on  the 
backing  plate  is  on  a  much  smaller  area  than  the  base  line.  The  volumetric 
delamination  of  the  backing  plate  is  also  less  than  the  base  line,  possibly  due  to  a 
significant  decrease  in  premature  damage  due  to  stress  wave  propagation  before 
the  arrival  of  the  projectile.  It  was  demonstrated  earlier  (Figure  15)  that  the 
dynamic  deflection  of  Design  1  is  less  than  the  base  line  suggesting  that  the 
residual  kinetic  energy  of  the  projectile  pushing  the  backing  plate  is  less  than  that 
of  the  base  line.  Design  1  is  thus  proven  to  be  a  better  armor  solution  than  the 
base-line  CIA  solution  with  a  rubber  layer. 

The  comparison  between  the  Design  2  and  the  base  line  is  easier  if  Design  2  is 
considered  the  same  as  the  base  line  with  added  aluminum-foam  backing.  The 
deformation  pattern  of  the  cover,  ceramic,  and  rubber  layer  is  similar  to  the  base 
line.  However,  the  volumetric  delamination  of  the  backing  plate  is  less  than  the 
base  line  and  is  comparable  to  Design  1.  The  deformation  pattern  of  the 
aluminum-foam-backing  plate  at  the  composite  backing/  aluminum-foam 
interface  is  a  representation  of  the  dynamic  deformation  of  the  composite  back 
face.  The  deformation  of  aluminum  foam  is  mostly  plastic.  The  dynamic 
deformation  presented  in  Figure  15  is  the  deflection  of  the  back  face  of  the 
aluminum  foam,  which  we  can  see  from  Figure  16  as  a  permanent  deformation. 
The  damage  in  the  aluminum-foam-backing  plate  is  distributed  over  the  whole 
span  of  the  armor  plate. 

In  Design  3,  the  composite  inner  layer  served  the  purpose  of  distributing  the  load 
over  the  aluminum  foam.  The  ceramic  fracture  is  similar  to  the  base  line,  and 
this  consideration  does  not  yield  the  benefit  of  Design  1.  Even  though  the 
volumetric  delamination  is  least  compared  to  all  designs,  its  dynamic  deflection 
improved  only  slightly  over  the  base-line  CIA. 


8.  Summary 


The  unique  capability  of  closed-cell  aluminum  foam  in  delaying  stress-wave 
propagation  and  attenuation  is  presented  through  experimental  and  numerical 
analyses.  It  has  been  found  that  the  dynamic  deformation  of  ahiminum  foam 
starts  at  the  impact  face  and  propagates  through  the  thickness  till  complete 
densification.  The  cellular  structure  makes  elastic  stress-wave  propagation 
difficult.  Effective  stress-wave  propagation  through  aluminum  foam  only  occurs 
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after  complete  densification.  If  the  foam  densification  is  partial,  it  can  act  as  a 
stress  wave  filter.  The  time  required  for  complete  densification  appears  as  a  time 
delay  in  stress  transfer  to  the  next  layer  (backing  plate)  and  is  found  to  be  a  linear 
function  of  foam  thickness.  Aluminum  foam  is  also  found  to  reduce  the 
amplitude  of  the  stress  pulse  transferred  to  the  backing  plate.  Based  on  the 
experimental  and  numerical  stress-wave  propagation  results,  three  novel, 
aluminum-foam,  integral  armor  designs  have  been  evaluated. 

Various  CIA  panels  have  been  ballistically  tested  under  20-mm  FSP  impact  to 
assess  the  associated  damage  of  base-line  and  aluminum-foam  integral  armor. 
The  relative  study  between  three  different  aluminum  foam  armor  designs  and 
their  comparison  with  the  base  line  gives  insight  into  the  performance  and 
deformation  behavior  of  this  new  class  of  aluminum-foam-based  CIA.  In 
comparison  to  the  base  line.  Design  1  performed  the  best  by  providing  better 
ceramic  fracture,  less  cover  separation,  localized  aluminum-foam  deformation, 
less  dynamic  deflection,  and  less  volumetric  delamination  of  the  backing  plate. 
The  superior  performance  of  this  novel,  aluminum-foam,  integral  armor  is  a  step 
forward  to  lighter  and  more  damage-tolerant  CIA  for  the  next  generation  of 
armored  vehicles. 
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F  ADDESSIO  MS  B216 

PO  BOX  1633 

LOS  ALAMOS  NM  87545 

1  OAK  RIDGE  NATIONAL 
LABORATORY 
RM  DAVIS 
PO  BOX  2008 

OAK  RIDGE  TN  37831-6195 

3  DIRECTOR 

SANDIA  NATIONAL  LABS 

APPLIED  MECHANICS  DEPT 

MS  9042 

J  HANDROCK 

YRKAN 

JLAUFFER 

PO  BOX  969 

LIVERMORE  CA  94551-0969 

1  OAK  RIDGE  NATIONAL 
LABORATORY 
C  EBERLE  MS  8048 
PO  BOX  2008 
OAK  RIDGE  TN  37831 

1  OAK  RIDGE  NATIONAL 
LABORATORY 
C  D  WARREN  MS  8039 
PO  BOX  2008 
OAK  RIDGE  TN  37831 

7  NIST 

RPARNAS 
J  DUNKERS 

M  VANLANDINGHAM  MS  8621 
J  CHIN  MS  8621 
DHUNSTON  MS  8543 
J  MARTIN  MS  8621 
DDUTHINH  MS  8611 
100  BUREAU  DR 
GAITHERSBURG  MD  20899 

1  HYDROGEOLOGIC  INC 
SERDP  ESTCP  SPT  OFC 
S  WALSH 

1155  HERNDON  PKWY  STE  900 
HERNDON  VA  20170 


NO.  OF 

COPIES  ORGANIZATION 

3  NASA  LANGLEY  RSCH  CTR 
AMSRLVS 

W  ELBER  MS  266 
F  BARTLETT  JR  MS  266 
G  FARLEY  MS  266 
HAMPTON  VA  23681-0001 

1  NASA  LANGLEY  RSCH  CTR 
T  GATES  MS  188E 
HAMPTON  VA  23661-3400 

1  FHWA 

E  MUNLEY 

6300  GEORGETOWN  PIKE 
MCLEAN  VA  22101 

4  CYTEC  FIBERITE 
R  DUNNE 
DKOHLI 
MGILLIO 
RMAYHEW 

1300  REVOLUTION  ST 
HAVRE  DE  GRACE  MD  21078 

1  USDOT  FEDERAL  RAILRD 
M  FATEH  RDV  31 
WASHINGTON  DC  20590 

1  CENTRAL  INTLLGNC  AGNCY 

OTI WDAG  GT 
W  L  WALTMAN 
PO  BOX  1925 
WASHINGTON  DC  20505 

1  MARINE  CORPS 

INTLLGNC  ACTVTY 
D  KOSITZKE 

3300  RUSSELL  RD  STE  250 
QUANTICO  VA  22134-5011 

1  DIRECTOR 

NATIONAL  GRND  INTLLGNC  CTR 

IANGTMT 

220  SEVENTH  ST  NE 

CHARLOTTESVILLE  V  A 

22902-5396 

1  SIOUX  MFG 
BKRIEL 
PO  BOX  400 
FT  TOTTEN  ND  58335 


NO.  OF 

COPIES  ORGANIZATION 

1  DIRECTOR 

DEFENSE  INTLLGNC  AGNCY 
TA5 

K  CRELLING 
WASHINGTON  DC  20310 

1  ADVANCED  GLASS  FIBER  YARNS 

T  COLLINS 

281  SPRING  RUN  LANE  STE  A 
DOWNINGTON  PA  19335 

1  COMPOSITE  MATERIALS  INC 

DSHORTT 
19105  63  AVE  NE 
PO  BOX  25 

ARLINGTON  W  A  98223 

1  JPS  GLASS 
L  CARTER 
PO  BOX  260 
SLATER  RD 
SLATER  SC  29683 

1  COMPOSITE  MATERIALS  INC 

R  HOLLAND 
11  JEWEL  CT 
ORINDA  CA  94563 

1  COMPOSITE  MATERIALS  INC 
C  RILEY 

14530  S  ANSON  AVE 
SANTA  FE  SPRINGS  CA  90670 

2  COMPOSIX 
D  BLAKE 

L  DIXON 

120  0  NEILL  DR 

HEBRUN  OH  43025 

2  SIMULA 

J  COLTMAN 
RHUYETT 
10016  S51ST  ST 
PHOENIX  AZ  85044 

2  PROTECTION  MATERIALS  INC 
M  MILLER 
F  CRILLEY 
14000  NW  58  CT 
MIAMI  LAKES  FL  33014 
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NO.  OF 

NO.  OF 

COPIES 

ORGANIZATION 

COPIES 

ORGANIZATION 

3 

FOSTER  MILLER 

J  J  GASSNER 

M  ROYLANCE 

WZUKAS 

195  BEAR  HILL  RD 

WALTHAM  MA  02354-1196 

3 

PACIFIC  NORTHWEST  LAB 

M  SMITH 

G  VAN  ARSDALE 

R  SHIPPELL 

PO  BOX  999 

RICHLAND  WA  99352 

1 

ROM  DEVELOPMENT  CORP 
ROMEARA 

136  SWINEBURNE  ROW 

BRICK  MARKET  PLACE 

NEWPORT  RI 02840 

8 

ALLIANT  TECHSYSTEMS  INC 

C  CANDLAND  MN11  2830 

C  AAKHUS  MN11  2830 

B  SEE  MN11  2439 

N  VLAHAKUS  MN11 2145 

R  DOHRN  MN11  2830 

2 

TEXTRON  SYSTEMS 

T  FOLTZ 

M  TREASURE 

201  LOWELL  ST 

WILMINGTON  MA  08870-2941 

S  HAGLUND  MN11 2439 

M  HISSONG  MN11  2830 

D  KAMDAR  MN11 2830 

600  SECOND  ST  NE 

HOPKINS  MN  55343-8367 

1 

GLCCINC 

J  RAY 

103  TRADE  ZONE  DR  STE  26C 

WEST  COLUMBIA  SC  29170 

2 

AMOCO  PERFORMANCE 
PRODUCTS 

MMICHNOJR 

J  BANISAUKAS 

4500  MCGINNIS  FERRY  RD 

1 

O  GARA  HESS  &  EISENHARDT 

M  GILLESPIE 

ALPHARETTA  GA  30202-3944 

9113  LESAINT  DR 

FAIRFIELD  OH  45014 

1 

SAIC 

M  PALMER 

1410  SPRING  HILL  RD  STE  400 

2 

MILLIKEN  RSCH  CORP 

HKUHN 

M  MACLEOD 

MSSH4  5 

MCLEAN  VA  22102 

PO  BOX  1926 

SPARTANBURG  SC  29303 

1 

SAIC 

G  CHRYSSOMALLIS 

3800  W  80TH  ST  STE  1090 

1 

CONNEAUGHT  INDUSTRIES  INC 

J  SANTOS 

BLOOMINGTON  MN  55431 

PO  BOX  1425 

COVENTRY  RI  02816 

1 

AAI  CORPORATION 

T  G  STASTNY 

PO  BOX  126 

2 

BATTELLE  NATICK  OPNS 

J  CONNORS 

HUNT  VALLEY  MD  21030-0126 

1 

BHALPIN 

209  W  CENTRAL  ST  STE  302 
NATICK  MA  01760 

ARMTEC  DEFENSE  PRODUCTS 

1 

APPLIED  COMPOSITES 
WGRISCH 

333  NORTH  SD<TH  ST 

ST  CHARLES  IL  60174 

SDYER 

85  901  AVE  53 

PO  BOX  848 

COACHELLA  CA  92236 

1 

CUSTOM  ANALYTICAL 

ENG  SYS  INC 

A  ALEXANDER 

13000  TENSOR  LANE  NE 
FLINTSTONE  MD  21530 

32 


NO.  OF 

NO.  OF 

COPIES 

ORGANIZATION 

COPIES 

ORGANIZATION 

3 

ALLI  ANT  TECHSYSTEMS  INC 

2 

OLIN  CORPORATION 

J  CONDON 

FLINCHBAUGHDIV 

ELYNAM 

E  STEINER 

J  GERHARD 

B  STEWART 

WV01 16  STATE  RT  956 

PO  BOX  127 

PO  BOX  210 

RED  LION  PA  17356 

ROCKET  CENTER  WV 

26726-0210 

1 

GKN  AEROSPACE 

DOLDS 

1 

OFC  DEPUTY  UNDER  SEC  DEFNS 

15  STERLING  DR 

JAMES  THOMPSON 

WALLINGFORD  CT  06492 

1745  JEFFERSON  DAVIS  HWY 

CRYSTAL  SQ  4  STE  501 

5 

SIKORSKY  AIRCRAFT 

ARLINGTON  V  A  22202 

GJACARUSO 

T  CARSTENSAN 

1 

PROJECTILE  TECHNOLOGY  INC 

B  KAY 

515  GILES  ST 

S  GARBO  MSS330A 

HAVRE  DE  GRACE  MD  21078 

J  ADELMANN 

6900  MAIN  ST 

5 

AEROJET  GEN  CORP 

PO  BOX  9729 

DPILLASCH 

STRATFORD  CT  06497-9729 

T  COULTER 

C  FLYNN 

1 

PRATT  &  WHITNEY 

D  RUBAREZUL 

C  WATSON 

M  GREINER 

400  MAIN  ST  MS  114  37 

1100  WEST  HOLLYVALE  ST 

EAST  HARTFORD  CT  06108 

AZUSA  CA  91702-0296 

1 

AEROSPACE  CORP 

3 

HEXCELINC 

G  HAWKINS  M4  945 

RBOE 

2350  E  EL  SEGUNDO  BLVD 

PO  BOX  18748 

EL  SEGUNDO  CA  90245 

SALT  LAKE  CITY  UT  84118 

2 

CYTEC  FIBERITE 

1 

HERCULES  INC 

M  LIN 

HERCULES  PLAZA 

W  WEB 

WILMINGTON  DE  19894 

1440  N  KRAEMER  BLVD 

ANAHEIM  CA  92806 

1 

BRIGS  COMPANY 

J  BACKOFEN 

1 

HEXCEL 

2668  PETERBOROUGH  ST 

T  BITZER 

HERNDON  VA  22071-2443 

11711  DUBLIN  BLVD 

DUBLIN  CA  94568 

1 

ZERNOW  TECHNICAL  SERVICES 

L  ZERNOW 

1 

BOEING 

425  W  BONITA  AVE  STE  208 

R  BOHLMANN 

SAN  DIMAS  CA  91773 

PO  BOX  516  MC  5021322 

ST  LOUIS  MO  63166-0516 

1 

OLIN  CORPORATION 

L  WHITMORE 

1 

UDLP 

10101  NINTH  ST  NORTH 

G  THOMAS 

ST  PETERSBURG  FL  33702 

PO  BOX  58123 

SANTA  CLARA  CA  95052 
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NO.  OF 

COPIES  ORGANIZATION 

2  UDLP 

R  BARRETT  MAIL  DROP  M53 
V  HORVATICH  MAIL  DROP  M53 
328  W  BROKAW  RD 
SANTA  CLARA  CA  95052-0359 

3  UDLP 

GROUND  SYSTEMS  DIVISION 
M  PEDRAZZI  MAIL  DROP  N09 
A  LEE  MAIL  DROP  Nil 
M  MACLEAN  MAIL  DROP  N06 
1205  COLEMAN  AVE 
SANTA  CLARA  CA  95052 

4  UDLP 
RBRYNSVOLD 
P  JANKE  MS  170 
4800  EAST  RIVER  RD 
MINNEAPOLIS  MN  55421-1498 

1  UDLP 

D  MARTIN 
PO  BOX  359 

SANTA  CLARA  CA  95052 

2  BOEING  DFNSE  &  SPACE  GP 
W  HAMMOND  S  4X55 

J  RUSSELL  S  4X55 
PO  BOX  3707 
SEATTLE  WA  98124-2207 

2  BOEING  ROTORCRAFT 
P  MINGURT 
P  HANDEL 
800  B  PUTNAM  BLVD 
WALLINGFORD  PA  19086 

1  BOEING 

DOUGLAS  PRODUCTS  DIV 
LJ  HART  SMITH 
3855  LAKEWOOD  BLVD 
D800  0019 

LONG  BEACH  CA  90846-0001 

1  LOCKHEED  MARTIN 
S REEVE 
8650  COBB  DR 
D  73  62  MZ  0648 
MARIETTA  GA  30063-0648 


NO.  OF 

COPIES  ORGANIZATION 

1  LOCKHEED  MARTIN 
SKUNK  WORKS 
D  FORTNEY 
1011  LOCKHEED  WAY 
PALMDALE  CA  93599-2502 

1  LOCKHEED  MARTIN 
R  FIELDS 
1195  IRWIN  CT 
WINTER  SPRINGS  FL  32708 

1  MATERIALS  SCIENCES  CORP 

BW  ROSEN 

500  OFC  CENTER  DR  STE  250 
FT  WASHINGTON  PA  19034 

1  NORTHRUP  GRUMMAN  CORP 
ELECTRONIC  SENSORS 

&  SYSTEMS  DIV 
E  SCHOCH  MS  V 16 
1745A  W  NURSERY  RD 
LINTHICUM  MD  21090 

2  NORTHROP  GRUMMAN 
ENVIRONMENTAL  PROGRAMS 
R  OSTERMAN 

A  YEN 

8900  E  WASHINGTON  BLVD 
PICO  RIVERA  CA  90660 

1  GDLS  DIVISION 
DBARTLE 

PO  BOX  1901 
WARREN  MI  48090 

2  GDLS 
DREES 
M  PASIK 
PO  BOX  2074 
WARREN  MI  48090-2074 

1  GDLS 

MUSKEGON  OPERATIONS 
W  SOMMERS  JR 
76  GETTY  ST 
MUSKEGON  MI  49442 
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NO.  OF 

COPIES  ORGANIZATION 

1  GENERAL  DYNAMICS 
AMPHIBIOUS  SYS 
SURVIV ABILITY  LEAD 
G  WALKER 

991  ANNAPOLIS  WAY 
WOODBRIDGE  VA  22191 

6  INST  FOR  ADVANCED 
TECH 
HFAIR 
IMCNAB 
P  SULLIVAN 
S  BLESS 
W  REINECKE 
CPERSAD 

3925  W  BRAKER  LN  STE  400 
AUSTIN  TX  78759-5316 

2  CIVIL  ENGR  RSCH  FOUNDATION 
PRESIDENT 

H  BERNSTEIN 
R BELLE 

1015 15TH  ST  NW  STE  600 
WASHINGTON  DC  20005 

1  ARROW  TECH  ASSO 

1233  SHELBURNE  RD  STE  D8 
SOUTH  BURLINGTON  VT 
05403-7700 

1  REICHELBERGER 
CONSULTANT 
409  W  CATHERINE  ST 
BEL  AIR  MD  21014-3613 

1  UCLA  MANE  DEPT  ENGR  IV 
HT  HAHN 

LOS  ANGELES  CA  90024-1597 

2  UNIV  OF  DAYTON 
RESEARCH  INST 
RYKIM 
AKROY 

300  COLLEGE  PARK  AVE 
DAYTON  OH  45469-0168 

1  MIT 

P LAG ACE 
77  MASS  AVE 
CAMBRIDGE  MA  01887 


NO.  OF 

COPIES  ORGANIZATION 

1  IIT  RESEARCH  CENTER 
DROSE 
201  MILL  ST 
ROME  NY  13440-6916 

1  GA  TECH  RSCH  INST 
GAINST  OF TCHNLGY 
P  FRIEDERICH 
ATLANTA  GA  30392 

1  MICHIGAN  ST  UNIV 
MSM  DEPT 
RAVERILL 
3515  EB 

EAST  LANSING  MI  48824-1226 

1  UNIV  OF  KENTUCKY 
LPENN 

763  ANDERSON  HALL 
LEXINGTON  KY  40506-0046 

1  UNIV  OF  WYOMING 
D  ADAMS 

PO  BOX  3295 
LARAMIE  WY  82071 

2  PENN  STATE  UNIV 
RMCNITT 
CBAKIS 

212  EARTH  ENGR 
SCIENCES  BLDG 
UNIVERSITY  PARK  PA  16802 

1  PENN  STATE  UNIV 

RS  ENGEL 

245  HAMMOND  BLDG 
UNIVERSITY  PARK  PA  16801 

1  PURDUE  UNIV 

SCHOOL  OF  AERO  &  ASTRO 
CTSUN 

W  LAFAYETTE  IN  47907-1282 

1  STANFORD  UNIV 

DEPT  OF  AERONAUTICS 
&  AEROBALLISTICS 
STSAI 

DURANT BLDG 
STANFORD  CA  94305 
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NO.  OF 

COPIES  ORGANIZATION 

1  UNIV  OF  DAYTON 
JM  WHITNEY 
COLLEGE  PARKAVE 
DAYTON  OH  45469-0240 

7  UNIV  OF  DELAWARE 

CTR  FOR  COMPOSITE  MTRLS 
J  GILLESPIE 
M  SANT  ARE 
G  PALMESE 
SYARLAGADDA 
S  ADVANI 
D  HEIDER 
D  KUKICH 

201  SPENCER  LABORATORY 
NEWARK  DE 19716 

1  DEPT  OF  MATERIALS 

SCIENCE  &  ENGINEERING 
UNIVERSITY  OF  ILLINOIS 
AT  URBAN  A  CHAMPAIGN 
J  ECONOMY 

1304  WEST  GREEN  ST  115B 
URBANA IL  61801 

1  NORTH  CAROLINA  STATE  UNIV 

CIVIL  ENGINEERING  DEPT 
W  RASDORF 
PO  BOX  7908 
RALEIGH  NC  27696-7908 

1  UNIV  OF  MARYLAND 

DEPT  OF  AEROSPACE  ENGNRNG 
A  J  VIZZINI 

COLLEGE  PARK  MD  20742 

3  UNIV  OF  TEXAS  AT  AUSTIN 

CTR  FOR  ELECTROMECHANICS 
J  PRICE 
A  WALLS 
J  KITZMILLER 
10100  BURNET  RD 
AUSTIN  TX  78758-4497 

3  VA  POLYTECHNICAL 
INST  &  STATE  UNIV 
DEPTOFESM 
MWHYER 
K  REIFSNIDER 
R  JONES 

BLACKSBURG  VA  24061-0219 


NO.  OF 

COPIES  ORGANIZATION 

1  DREXEL  UNIV 
A  S  D  WANG 
32ND&  CHESTNUT  ST 
PHILADELPHIA  PA  19104 

1  SOUTHWEST  RSCH  INST 

ENGR  &  MATL  SCIENCES  DIV 
J  RIEGEL 

6220  CULEBRA  RD 
PO  DRAWER  28510 
SAN  ANTONIO  TX  78228-0510 


ABERDEEN  PROVING  GROUND 

1  US  ARMY  MATERIEL 

SYSTEMS  ANALYSIS  ACTIVITY 
P  DIETZ 

392  HOPKINS  RD 

AMXSYTD 

APG  MD  21005-5071 

1  DIRECTOR 

US  ARMY  RESEARCH  LAB 

AMSRLOPAPL 

APG  MD  21005-5066 

105  DIR  USARL 
AMSRL  Cl 
AMSRL  Cl  H 
W  STUREK 
AMSRL  Cl  S 
A  MARK 
AMSRL  CSIO  FI 
M  ADAMSON 
AMSRL  SLB 
J  SMITH 
AMSRL  SL  BA 
AMSRL  SL  BL 
D  BELY 
RITENRY 
AMSRL  SL  BG 
AMSRL  SL  I 
AMSRL  WM 
E  SCHMIDT 
AMSRL  WMB 
A  HORST 
AMSRL  WM  BA 
F  BRANDON 
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NO.  OF 

COPIES  ORGANIZATION 

ABERDEEN  PROVING  GROUND  (CONT) 

AMSRLWM  BC 
P  PLOSTINS 
D  LYON 
JNEWILL 
S  WILKERSON 
A  ZIELINSKI 
AMSRLWM  BD 
BFORCH 
RFIFER 

RPESCE  RODRIGUEZ 
BRICE 

AMSRLWM  BE 
C  LEVERITT 
D  KOOKER 
AMSRLWM  BR 
C  SHOEMAKER 
J  BORNSTEIN 
AMSRLWM  M 
DVIECHNICKI 
G  HAGNAUER 
J  MCCAULEY 
B  TANNER 
AMSRLWM  MA 
R  SHUFORD 
PTOUCHET 
N  BECK  TAN 
AMSRL  WM  M  A 
D  FLANAGAN 
L  GHIORSE 
D  HARRIS 
S  MCKNIGHT 
PMOY 

P  PATTERSON 
G  RODRIGUEZ 
ATEETS 
R  YIN 

:  AMSRLWM  MB 
B  FINK 
J  BENDER 
T  BOGETTI 
R  BOSSOLI 
L  BURTON 
KBOYD 
S  CORNELISON 
PDEHMER 
R  DOOLEY 
W  DRYSDALE 
G  GAZONAS 
S  GHIORSE 
D  GRANVILLE 


NO.  OF 

COPIES  ORGANIZATION 

ABERDEEN  PROVING  GROUND  (CONT) 

AMSRLWM  MB 
D  HOPKINS 
CHOPPEL 
D  HENRY 
RKASTE 
M  KLUSEWITZ 
M  LEADORE 
RLIEB 
E  RIG  AS 
J  SANDS 
D  SPAGNUOLO 
W  SPURGEON 
JTZENG 
E  WETZEL 
A  FRYDM  AN 
AMRSLWM  MC 
J  BEATTY 
ECHIN 

J  MONTGOMERY 
A  WERECZCAK 
J  LASALVI A 
J  WELLS 
AMSRL  WM  MD 
WROY 
S  WALSH 
AMSRL  WMT 
B  BURNS 
AMSRL  WMTA 
W  GILLICH 
T  HAVEL 
J  RUNYEON 
M  BURKINS 
E  HORWATH 
B GOOCH 
W  BRUCHEY 
AMSRL  WMTC 
R  COATES 
AMSRL  WMTD 
A  DAS  GUPTA 
THADUCH 
TMOYNIHAN 
F  GREGORY 
A  RAJENDRAN 
M  RAFTENBERG 
M  BOTELER 
T  WEER  ASOORI Y  A 
D  D  ANDEKAR 
A  DIETRICH 
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NO.  OF 

COPIES  ORGANIZATION 


ABERDEEN  PROVING  GROUND  (CONTI 

AMSRLWMTE 
A  NIILER 
J  POWELL 
AMSRL  SS  SD 
H  WALLACE 
AMSRL  SSSER 
R  CHASE 
AMSRL  SSSEDS 
RREYZER 
R  ATKINSON 
AMSRL  SEL 
R  WEINRAUB 
I  DESMOND 
D  WOODBURY 
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NO.  OF 

COPIES  ORGANIZATION 

1  LTD 

R  MARTIN 
MERL 

TAMWORTH  RD 
HERTFORD  SG13  7DG 
UK 

1  SMC  SCOTLAND 
PWLAY 
DERA  ROSYTH 
ROSYTH  ROYAL  DOCKYARD 
DUNFERMLINE  FIFE  KY 11  2XR 
UK 

1  CIVIL  AVIATION 
ADMINSTRATION 
T  GOTTESMAN 
PO  BOX  8 

BEN  GURION INTERNL  AIRPORT 

LOD  70150 

ISRAEL 

1  AEROSPATIALE 
S ANDRE 

A  BTE  CC  RTE  MD132 
316  ROUTE  DE  BAYONNE 
TOULOUSE  31060 
FRANCE 

3  DRA  FORT  HALSTEAD 

PN  JONES 
M  HINTON 

SEVEN  OAKS  KENT  TN  147BP 
UK 

1  DEFENSE  RESEARCH  ESTAB 
VALCARTIER 
FLESAGE 

COURCELETTE  QUEBEC 

COAIRO 

CANADA 

1  SWISS  FEDERAL  ARMAMENTS 
WKS 
WLANZ 

ALLMENDSTRASSE  86 
3602  THUN 
SWITZERLAND 

1  DYNAMEC  RESEARCH  AB 
AKE  PERSSON 
BOX  201 

SE 151  23  SODERTALJE 
SWEDEN 


NO.  OF 

COPIES  ORGANIZATION 

1  ISRAEL  INST  OF 

TECHNOLOGY 
SBODNER 

FACULTY  OF  MECHANICAL 

ENGR 

HAIFA  3200 

ISRAEL 

1  DSTO  MATERIALS  RESEARCH 

LAB 

NAVAL  PLATFORM 

VULNERABILITY 

SHIP  STRUCTURES  &  MTRLS  DIV 

N  BURMAN 

PO  BOX  50 

ASCOT  VALE  VICTORIA 
AUSTRALIA  3032 

1  ECOLE  ROYAL  MILIT  AIRE 

E  CELENS 

AVE  DE  LA  RENAISSANCE  30 
1040  BRUXELLE 
BELGIQUE 

1  DEF  RES  ESTABLISHMENT 
VALCARTIER 
A  DUPUIS 

2459  BOULEVARD  PIE  XI  NORTH 
VALCARTIER  QUEBEC 
CANADA 

PO  BOX  8800  COURCELETTE 
GOA  IRO  QUEBEC 
CANADA 

1  INSTITUT  FRANCO  ALLEMAND 
DE  RECHERCHES  DE  SAINT 
LOUIS 

DE  M  GIRAUD 

5  RUE  DU  GENERAL 

CASSAGNOU 

BOITE  POST  ALE  34 

F  68301  SAINT  LOUIS  CEDEX 

FRANCE 

1  ECOLE  POLYTECH 

JMANSON 
DMXLTC 

CH 1015  LAUSANNE 
SWITZERLAND 


39 


NO.  OF 

COPIES  ORGANIZATION 


1  TNO  PRINS  MAURITS 
LABORATORY 
RIJSSELSTEIN 
LANGE  KLEIWEG 137 
PO  BOX  45 

2280  AA  RIJSWIJK 
THE  NETHERLANDS 

2  FOA  NATL  DEFENSE  RESEARCH 
ESTAB 

DIR  DEPT  OF  WEAPONS  & 

PROTECTION 

BJANZON 

RHOLMLIN 

S 172  90  STOCKHOLM 

SWEDEN 

2  DEFENSE  TECH  &  PROC  AGENCY 

GROUND 
I CREWTHER 
GENERAL  HERZOG  HAUS 
3602  THUN 
SWITZERLAND 

1  MINISTRY  OF  DEFENCE 
RAFAEL 

ARMAMENT  DEVELOPMENT 
AUTH 

M  MAYSELESS 
PO  BOX  2250 
HAIFA  31021 
ISRAEL 

1  TNO  DEFENSE  RESEARCH 
I H  PASMAN 
POSTBUS  6006 
2600  J  A  DELFT 
THE  NETHERLANDS 

1  B  HIRSCH 

TACHKEMONY  ST  6 
NETAMUA  42611 
ISRAEL 

1  DEUTSCHE  AEROSPACE  AG 
DYNAMICS  SYSTEMS 
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